In this work the thermal diffusion behavior of binary mixtures of linear alkanes (heptane, nonane, undecane, tridecane, pentadecane, heptadecane) in benzene has been investigated by thermal diffusion forced Rayleigh scattering (TDFRS) for a range of concentrations and temperatures. The Soret coefficient S T of the alkane was found to be negative for these n-alkane/benzene mixtures indicating that the alkanes are enriched in the warmer regions of the liquid mixtures. For the compositions investigated in this work, the magnitude of the Soret coefficient decreases with increasing chain length and increasing alkane content of the mixtures. The temperature dependence of the Soret coefficient depends on mixture composition and alkane chain length; the slope of S T versus temperature changes from positive to negative with increasing chain length at intermediate compositions. To study the influence of molecular architecture on the Soret effect, mixtures of branched alkanes (2-methylhexane, 3-methylhexane, 2,3-dimethylpentane, 2,4-dimethylpentane, 2,2,3-trimethylbutane and 2,2,4-trimethylpentane) in benzene were also investigated. Our results for the Soret coefficients show that the tendency for the alkanes to move to the warmer regions of the fluid decreases with increasing degree of branching. The branching effect is so strong that for 2,2,4-trimethylpentane/benzene mixtures the Soret coefficient changes sign at high alkane content and that equimolar 2,2,3-trimethylbutane/benzene mixtures have positive Soret coefficients in the investigated temperature range. In order to investigate the effect of molecular interactions on thermal diffusion, we adapted a recently developed two-chamber lattice model to n-alkane/benzene mixtures. The model includes the effects of chain-length, compressibility, and orientation dependence of benzene-benzene interactions and yields good qualitative predictions for the Soret effect in n-alkane/benzene mixtures. For the branched isomers, we find some correlations between the moments of inertia of the molecules and the Soret coefficients.
I. INTRODUCTION
Thermal diffusion or the so-called Ludwig-Soret effect describes the coupling between a temperature gradient and a resulting mass flux. The effect has important technical applications for example in the modeling of the separation of crude oil components under the influence of thermal diffusion in geological conditions [1] [2] [3] ; it also plays an important role in separation techniques for liquid mixtures (see e.g. Refs. [4] [5] [6] ).
According to the phenomenological equations of irreversible thermodynamics, thermodiffusion in a binary fluid mixture is described by the flux of one of the components in response to a temperature and concentration gradient. 7 For an alkane/benzene mixture, for example, the flux J of the alkane in response to a temperature gradient ∇T and a mass-fraction gradient ∇w may be written as, 7
where w is the mass fraction of the alkane, ρ is the density of the mixture, D is the mutual diffusion coefficient, and D T is the thermal diffusion coefficient of the alkane. In the steady state (J = 0) the concentration gradient is characterized by the Soret coefficient S T = D T /D of the alkane; a positive Soret coefficient of the alkane corresponds to the alkane moving to the colder regions of the fluid. 8, 9 Thermal diffusion in liquid mixtures of non-polar fluids is known to reflect a range of microscopic properties such as the mass, size, and shape of the molecules as well as their interactions (see Ref. [6] for a review). In mixtures of polar liquids, specific interactions between the molecules dominate the thermal diffusion process while mass and size of the molecules are most important in Lennard-Jones fluids. For liquids of non-polar molecules that are more complex than Lennard-Jones fluids, the Soret effect appears to depend on a delicate balance of the molecular properties of the components. This is true, in particular, for mixtures of alkanes and aromatic solvents. Debuschewitz and Köhler 10 investigated thermal diffusion in isotopic mixtures of benzene and cyclohexane and found that the Soret coefficient could be written as a sum of three contributions:
where δM = (M 1 − M 2 )(M 1 + M 2 ) −1 and δI = (I 1 − I 2 )(I 1 + I 2 ) −1 are the relative differences of the masses (M 1 ,M 2 ) and moments of inertia (I 1 , I 2 ) of the molecules, respectively. The coefficients a M and b I were found to be independent of the composition of the mixture.
The third contribution, S 0 T , reflects chemical differences of the molecules and was found to depend on the concentration and change its sign at a benzene mole fraction of 0.7. A further investigation of the isotope effect 11 suggested that the absolute rather than the relative differences between the masses and moments of inertia should enter the expression for the Soret coefficient so that the difference terms in Eq. (2) are given by δM = M 1 − M 2 and δI = I 1 − I 2 .
A number of studies have focused on the Soret effect in mixtures containing an alkane or benzene as one of the components. Different experimental techniques were applied to investigate the thermal diffusion behavior of toluene/hexane, [12] [13] [14] alkane/alkane, 15, 16 cyclohexane/benzene, 10 and n-alkane/benzene 13, [17] [18] [19] [20] [21] mixtures. The three binary mixtures of dodecane, isobutylbenzene and 1,2,3,4 tetrahydronaphthalene 22 were the subject of a benchmark study to provide reliable values for the Soret, diffusion and thermal diffusion coefficients of these mixtures. Rowley et al. 23, 24 measured the heat of transport of binary mixtures of six alkanes (n-hexane, n-heptane, n-octane, 3-methylpentane, 2,3-dimethylpentane, 2,2,4trimethylpentane) with chloroform and tetrachloride in a wide concentration range at 30 • C.
Demirel and Sandler 25 combined these data to determine values of thermal diffusion ratios, K T = w(1 − w)S T , for these mixtures. They found that branching had a very small effect on the thermal diffusion ratios. For mixtures of pentane and decane, Perronace et al. 15 determined Soret coefficients from both experiment and molecular dynamics simulations and found reasonable agreement between experiment and simulations.
Thermal diffusion in hydrocarbon mixtures has also been investigated with theoretical models based on thermodynamic considerations. Gonzalez-Bagnoli et al. 26 compared results for the thermal diffusion factor, α = T S T , obtained from seven thermodynamic models for the Soret effect with experimental data for three mixtures. They found that three of the older models did not provide good results for any of the mixtures and that the remaining four models had varying success in predicting the sign and magnitude of the thermal diffusion factors. Part of the problem is the quality of the equation of state. A comparison of results from different equations of state showed, in agreement with earlier work, 27 that the partial molar quantities have a large effect on the calculated values of the thermodiffusion factors.
However, it was also found that an improvement in the representation of the partial molar quantities does not typically lead to improved predictions for the Soret effect. 26 We focus in this work on the Soret effect in binary alkane/benzene mixtures for linear as well as branched alkanes. Since benzene is a very good solvent for alkanes, we are able to explore the composition as well as temperature dependence of the Soret effect. For the n-alkanes, we expect the differences in the chain length (molecular mass) to have the largest effect; for the branched alkanes, we expect a significant effect due to differences in the molecular architecture and the corresponding changes in the moments of inertia. However chemical differences will also be important since the type of covalently bonded neighbors affects the interactions between carbon atoms (see e.g. Refs. [28, 29] ). In addition, ordering effects in the liquid may play a role. Interactions between benzene molecules are known to depend on the relative orientation of the molecules (see e.g. Refs. [30] [31] [32] [33] ). In the benzene solid at atmospheric pressure, the relative orientation of benzene molecules corresponds to the "T" configuration, 30, 31 where the rings of the molecules are perpendicular to each other and the center of the second molecule lies on the normal through the center of the ring of the first molecule. 32, 33 Since the melting temperature of benzene (278.7 K) is close to the temperature of the experiments, the orientation dependence of the interactions is expected to affect the thermophysical properties of alkane/benzene mixtures. 34 The chains of normal alkanes also show some orientational order in the liquid state near the melting temperature. 35, 36 While this effect is expected to be negligible for most of the alkanes investigated in this work (their melting temperature is well below room temperature) it may affect thermodiffusion for the long-chain alkanes. Since interactions between molecules play such an important role in thermal diffusion a systematic investigation of the alkane/benzene mixtures will aid the development of molecular models for computer simulations, which have recently become an important tool in the investigation of the Soret effect (see, for example, Refs. [15, [37] [38] [39] ).
In this work, the thermal diffusion behavior of alkane/benzene mixtures is investigated experimentally with thermal diffusion forced Raleigh scattering (TDFRS). Experiments were performed on mixtures of benzene with the linear alkanes heptane, nonane, undecane, tridecane, pentadecane, and heptadecane and with five isomers of heptane, values for the Soret coefficients, S T , the mass diffusion coefficients, D, and the thermal diffusion coefficients D T = S T D.
In order to investigate with theoretical methods the effect of intermolecular interactions on thermal diffusion, we have adapted a recently developed two-chamber lattice model for thermodiffusion 40, 41 to alkane/benzene mixtures. In the two-chamber lattice model, one considers a lattice system divided into two chambers of equal size that are maintained at slightly different temperatures. Particles are free to move between the chambers, which do not otherwise interact. The partition functions for the chambers are calculated in exact enumeration and combined to yield a sum of states for the system. The Soret coefficient is then determined from the difference in average composition of the solutions in the two chambers.
The system-dependent parameters of the model are determined from a comparison with thermodynamic properties of the pure components and volume changes on mixing. This allows us to make predictions of the Soret coefficient as a function of temperature, pressure, and composition without adjustable parameters. We find that predictions from this model, which includes the effects of chain length of the alkanes and orientation-dependent interactions of benzene molecules, are in good qualitative agreement with the Soret coefficients of linear alkane chains in benzene.
The paper is organized as follows: in the next section, Sec. II, we describe briefly the sample preparation, as well as the TDFRS experiment and the index of refraction measurements necessary for the evaluation of the TDFRS signal. In Sec. III we present our experimental results for mixtures of benzene with linear and branched alkanes. In Sec. IV we describe the two-chamber lattice model that is used to predict values of the Soret coefficients of n-alkane/benzene mixtures and we present a comparison with experimental data.
Appendix A contains details about the determination of system-dependent parameters for the model. We discuss our results and conclusions in Sec. V.
II. EXPERIMENT

Sample preparation
The alkanes heptane (99,5%), nonane (99%), undecane (98%), 2-methylhexane (98%), 3-methylhexane (98%) and 2,2,3-trimethylbutane (99%) were purchased from Fluka; tridecane (99%), pentadecane (99%), heptadecane (99%), 2,3-dimethylpentane (99%), 2,4dimethylpentane (99%), 2,2,4-trimethylpentane (99%) and benzene (99.7%) were ordered from Aldrich. 
Refractive index increment measurements
In order to determine the changes of the refractive index n with blend composition w at constant pressure P and temperature T , (∂n/∂w) P,T , for each alkane/benzene system measurements were performed with an Abbe refractometer for several mixture compositions around the desired molar fraction. The slope (∂n/∂w) P,T was then determined by linear interpolation. For instance, we measured the refractive index for seven concentration in the range between 0.35 to 0.75 in order to determine the slope (∂n/∂w) P,T for x = 0.5. An analog procedure was used for intermediate molar fractions of x = 0.25 and x = 0.75. For measurements at very low alkane concentrations, it is important to perform the index of refraction measurements using benzene from the same lot as is used in the TDFRS experiments. The reason is that the index of refraction of benzene is very sensitive to impurities.
Even for high grade benzene we observed a range of refractive index values for pure benzene (between 1.500 -1.502 at room temperature) which may lead to significant changes in the measured refractive index increment for mixtures with low alkane content. For all mixture compositions investigated in this work, the temperature derivatives at constant pressure and composition, (∂n/∂T ) P,w , were determined from measurements with a Michelson interferometer 42 in a temperature range of 3 • C above and below the temperature of the TDFRS experiment.
TDFRS experiment and data analysis
In our thermal diffusion forced Raleigh scattering (TDFRS) experiments, the beam of an an argon-ion laser (λ w =488 nm) is split into two writing beams of equal intensity which are allowed to interfere in the sample cell (see Ref. [15] for a detailed description of the method).
A small amount of dye is present in the sample and converts the intensity grating into a temperature grating, which in turn causes a concentration grating by the effect of thermal diffusion. Both gratings contribute to a combined refractive index grating, which is read out by Bragg diffraction of a third laser beam (λ r =633 nm). 
where q = 4πn/λ w sin(θ/2) is the grating vector, whose absolute value is determined by the angle θ between the two writing beams, the wavelength λ w , and the index of refraction n.
For the determination of the transport coefficients, Eq. is expected since the size of the alkane molecules and the viscosity of the mixture increase with increasing molecular mass of the alkanes. The lines connect the data points.
and is positive for x = 0.85. The mutual diffusion coefficient D increases with increasing alkane concentration.
Soret coefficients of heptane/benzene mixtures have been measured independently by
Korsching, 17, 18 Demichowicz-Pigoniowa et al., 19 Ecenarro et al. 13 and Trevoy et al. 20 The results for a temperature of 25 • C are presented in Fig with N L sites of which N b and N a are occupied by benzene and the alkane, respectively. In order to account for compressibility, some of the sites will be unoccupied so that
v is the volume of one elementary cube. Interactions between occupied nearest neighbor sites are described by interaction energies ij , where the subscripts indicate the occupants of the sites (b for benzene and a for the alkane; voids are assumed to have zero interaction energies).
In order to account for the orientation dependence of interactions between benzene molecules in an approximate way, we introduce an orientational degree of freedom for the benzene sites on the lattice. A disk on a simple cubic lattice may be oriented so that its normal is aligned with the x, y, or z axis. Accordingly, we assign one of three possible orientations to each site occupied by benzene. In order to distinguish between different relative orientations, we introduce two interaction energies for benzene-benzene interactions. The energy parameter bb;p corresponds to preferred relative orientations of benzene molecules and is lower than the parameter bb,n for the remaining orientations. A fraction f of the possible relative orientations is assumed to have the lower interaction energy. To estimate this fraction for our lattice model, consider a disk located at the origin (coordinates (0, 0, 0)) and aligned with the z-axis. If the nearest neighbor site (0, 0, 1) or (0, 0, −1) is occupied by another disk, then two of the three possible orientations of this disk correspond to "T" configurations with interaction energy bb;p . For the nearest neighbor sites (±1, 0, 0) and (0, ±1, 0), on the other hand, only one of three orientations of the occupying disk yields a "T" configuration. Hence, eight of the total of eighteen relative orientations corresponds to favorable interactions, which yields f = 4/9 for the fraction of preferred orientations.
A first approximation to the probability p p that two benzene sites make a preferred contact at a given temperature T is given by
where β = 1/k B T and k B is Boltzmann's constant. With a random mixing approximation 44 for the arrangement of the different sites on the lattice, we obtain for the internal energy per site, u,
where the energy parameters aa and ab describe alkane-alkane and alkane-benzene interactions, respectively, and where φ a , φ b , and φ v denote the fractions of lattice sites occupied by the alkane, benzene, and voids, respectively. With these approximations, the canonical partition function of the system may be written as
where an effective interaction parameter˜ bb has been introduced, e −β˜ bb = f e −β bb;p + (1 − f )e −β bb;n .
From the partition function, the pressure of the system may be calculated according to
In Appendix A we describe how the system-dependent parameters for the alkane/benzene mixtures were determined. In the following, we use a lattice with N L = 5000 sites. For a given temperature, pressure, and composition of a mixture, the occupation numbers N a and N b are determined by gradually filling the lattice with alkane and benzene sites in the right proportion until the pressure reaches the desired value. Due to the discrete nature of the lattice, the targeted pressure cannot be reached exactly. However, the size of the lattice ensures that the deviations from the target pressure have a negligible effect on the results presented here.
Calculation of Soret coefficients
In order to describe thermodiffusion, we divide the lattice into two equal chambers, A and B, each with lattice sites N A = N B = N L /2 but with slightly different temperatures, 
where the square brackets indicate a summation consistent with the total number of particles and lattice sites.
We evaluate Eq. (9) by exact enumeration of all possible occupations of the chambers.
As we are performing the calculation of the terms in the sum of states, we also calculate the mass fractions of the alkane,
applied to the filling fraction of the chambers. The average mass fractionw A of the alkane in chamber A is determined by the weighted sum
and similarly for the average mass fractionw B in chamber B. Finally, the Soret coefficient of the alkane is calculated from
where w is the alkane mass fraction of the whole system.
Comparison with experimental data
In Fig. 7 we present predictions from our lattice model for the Soret coefficients of equimo- that the calculated S T values are always between 0.5 and 1.3 × 10 −3 K −1 higher than the experimental values at this composition.
In Fig. 9 we present Soret coefficients of heptane and tridecane in mixtures with benzene as a function of composition for three different temperatures. The symbols connected by dashed lines represent experimental data (see also Fig. 4 ) while the solid lines represent 
where the probability p p is given by Eq. (4). Table I ). In the present lattice model, there is no chain connectivity and no distinction between alkane sites at chain ends (methyl groups) and along the chain (ethyl groups). The differences between theoretical and experimental values suggest that such a distinction is important. Table I show that the mixed interactions ab are less attractive than the alkane-alkane interactions aa . Since the number of alkane-alkane contacts increases with increasing alkane concentration, and since the difference between alkane-alkane and benzene-benzene interactions is smaller than that between mixed interactions and benzene-benzene interactions, the Soret coefficient is expected to become more positive with increasing alkane content. In addition, the density decreases with increasing alkane composition and leads to a further increase of the alkane Soret coefficient. For high alkane concentrations, finally, the Soret effect is dominated by the difference in benzene-alkane and alkane-alkane interactions. While the TDFRS results suggest that the Soret coefficient of tridecane remains negative as the mixture becomes dilute in benzene, our calculations yield positive Soret coefficients for tridecane at high alkane content. This shows that the effective benzene-alkane interaction at high alkane content is more attractive than described by our simple lattice model.
In summary, the comparison of the predictions from our two-chamber lattice model with the experimental values for the Soret coefficients shows that the model captures the trends of the variation of the Soret coefficient with temperature, molecular mass and composition.
The differences between calculated and experimental values are most pronounced for alkanerich mixtures. There are several reasons for the increase in the deviations between theory and experiment with increasing alkane content. For one, the random mixing approximation that we have employed in our lattice model is expected to be most appropriate for mixtures with low alkane concentrations since the concentration of both voids and alkane sites is low for these mixtures. As the alkane content increases at constant pressure, the total filling fraction decreases (with the density) and differences in the interaction energies are expected to lead to non-random distributions of nearest neighbor contacts. Furthermore, the lattice model for the alkanes is very simple and the determination of system-dependent parameters started from benzene, allowing only two adjustable parameters to describe the thermodynamics of the pure alkane fluids. A more sophisticated model for the alkanes that allows, for example, for different interaction energies for chain ends, sites along a linear chain, and branch points should lead to better description of the Soret effect for alkane rich mixtures and also allow us to investigate mixtures of branched alkane isomers. Unfortunately, the available thermodynamic data for the mixture systems investigated here are not sufficiently detailed to determine the system-dependent parameters for models with several interaction parameters for alkane-alkane and alkane-benzene interactions. However, our simple lattice model helps us separate molecular mass and density effects from effects due to differences in molecular interactions.
V. DISCUSSION AND CONCLUSION
The thermal diffusion forced Raleigh scattering experiments presented in this work have shown that the Soret effect in alkane/benzene mixtures depends on the molecular mass and structure of the alkane as well as the temperature and composition of the mixture. For the linear chains, a simple lattice model is able to reproduce the experimental trends. For the branched isomers, however, an interpretation of the data is more difficult. A comparison of the experimental data for branched heptane isomers in Fig. 6 and with those for the linear chains between heptane and heptadecane in Fig. 3 shows that the effect of branching on the Soret coefficients is larger than that of the molecular weight. This is not expected from the thermodynamic properties of the pure alkane fluids; the density at a given temperature, for example, depends much more strongly on the chain length than on the molecular architecture.
The moments of inertia have been shown to make an important contribution to the Soret effect for mixtures of cyclohexane and benzene isotopes, 10 see Eq. (2) . In order to explore this effect we have calculated the moments of inertia about the symmetry axis (I zz for the disklike benzene molecules, I xx for the more prolate alkane molecules) using an atomistic model for single molecules in vacuum. 46 In Fig. 11 we present the measured Soret coefficients of the For the branched alkanes, the moments of inertia I xx,alkane increase with increasing number of methyl groups much as the Soret coefficients. On the other hand, the chemical contribution is also expected to change with alkane architecture. When comparing theory and experiment for linear alkane mixtures with low alkane mass fraction (w = 0.05) we noted that the experimental data suggested different interaction energies between benzene molecules and methyl groups and benzene molecules and ethyl groups. Similar differences are expected to hold for interactions between different carbon groups of branched alkane molecules 28, 29 and between such groups and benzene molecules. In order to investigate in more detail the origin of the large isomer effect on thermal diffusion in alkane/benzene mixtures, we are focusing in current work on dilute solutions of branched alkanes.
with tabulated values from the NIST Chemistry WebBook 47 based on the equation of state by Polt et al.. 48 In the temperature range between 288 and 318 K we considered saturated liquid densities, densities at the constant pressure of P = 0.1 MPa, and, also at P = 0.1 MPa, the combination of pressure derivatives c p − c v =ρ −2 T (∂P/∂T ) 2 ρ /(∂P/∂ρ) T , where c p and c v are the molar isobaric and isochoric heat capacities, respectively. The resulting values for the system-dependent parameters are presented in Table I . They correspond to a good representation of the saturated liquid densities (root mean squared relative deviation (rmsd) ≈ 0.5%, maximum deviation -0.78%), a very good representation of the densities at atmospheric pressure ( rmsd ≈ 0.1%, maximum deviation 0.26%), and a reasonable representation of c p − c v ( rmsd ≈ 11%, maximum deviation -19%). The value of the volume per lattice site v obtained for benzene, was also adopted for the pure alkanes and for all mixtures.
For each of the alkanes, the two remaining system-dependent parameters r a and aa were determined from a comparison with tabulated values for the density at atmospheric pressure 43, 49 and the corresponding thermal expansion coefficients, 43 α = ρ −1 (∂P/∂T )ρ/(∂P/∂ρ) T , in the temperature range from 288 to 318 K. The resulting values for the parameters r a and aa are included in Table I . They correspond to a very good representation of the densities (maximum deviation -0.12%) and a reasonable representation of the thermal expansion coefficients (rmsd ≈ 9-10%).
Finally, in order to establish values for the mixed interaction energies ab , we consider the excess molar volume V E of alkane/benzene mixtures
whereρ,ρ a , andρ b are the molar densities of the mixture, the alkane, and benzene, respectively, at the given temperature and pressure. Kouris and Panayiotou 50 measured the density of benzene, heptane, and their mixtures at a temperature of 25 • C and atmospheric pressure for a range of compositions. We determined a value for ab for heptane/benzene mixtures by comparing values for the excess volume derived from the experimental data with values calculated from our lattice model. In Fig. 12 we present excess volumes at 25 • C and atmospheric pressure for the mixtures of benzene with linear alkanes considered in this work. The symbols and the lowest solid line represent experimental 50 and calculated values for the excess volume of heptane/benzene mixtures, respectively, and show that the simple data are not available for the other mixtures of benzene and n-alkanes considered in this work. For mixtures of benzene with the even n-alkanes hexane through hexadecane, Awwad et al. 51 determined excess volumes at a temperature of 25 • C and atmospheric pressure. We estimated values for the mixed interaction energies for the odd n-alkanes nonane through heptadecane, by requiring that the excess volumes be an increasing function of the chain length. The resulting values for the mixed interaction parameters are included in Table I, the solid lines in Fig. 12 represent values calculated with these parameters. Table I. 
